Cu-4.2 at. % Ti alloy sheets with the dimension of 10 ' 10 ' 0.15 mm 3 were irradiated with 2 MeV electrons at 200 and 250°C, and the Vickers hardness was measured as a function of electron fluence. The hardness increased by the electron irradiation. The increase in hardness depends on the electron fluence and irradiation temperatures. The hardening induced by the electron irradiation was observed not only at the directly irradiated surface but also at the reverse side of irradiated surface. By masking an area of specimen surface with a thick copper sheet, we could modify the hardness only for the unmasked area. The atom probe tomography (APT) and the field-emission scanning microscope (FE-SEM) were used for the observation of the microstructures of the specimens. The image of FE-SEM suggests that Ti-rich small precipitates are produced by the irradiation. The present result shows that the electron beam irradiation at elevated temperatures can be a useful tool for improving the hardness of designated areas in bulk Cu-Ti alloys.
Introduction
Cu-Be alloys have often been used so far as a lot of electric components, because they show a high electrical conductivity, an excellent mechanical strength and a good workability. However, the use of Cu-Be alloys has been avoided because of the environmental and health issues of beryllium. 1) As alternative to Cu-Be alloys, Cu-Ti alloys with a Ti content of 1 to 6 at. %, have received a great deal of attention as electronic components because of their excellent mechanical properties and good electrical conductivity.
2) The high strength of the Cu-Ti alloys is attributed primarily to spinodal decomposition and formation of fine Cu 4 Ti precipitates in Cu parent phase by the isothermal aging at 400 to 500°C. 3, 4) To extend their industrial applicability, recently, there are a lot of efforts to improve their mechanical and electrical properties and to render them additional functionalities. For example, it has been reported that addition of an amount of Cr and Co to the system resulted in a furthermore hardening during aging. 5, 6) Grain refinement by prior cold working and then aging was also reported to be available to improve the mechanical properties. 7) In order to improve their conductivity without degradation of the strength, Semboshi et al. have proposed that an isothermal aging in a hydrogen atmosphere was available. 8, 9) In supersaturated alloys, irradiation-produced point defects such as interstitial atoms and vacancies interact selectively with some solute atoms. Then, the thermal diffusion of the irradiation-produced defects enhances the diffusion of the solute elements, concentration of which is larger than that under the thermal equilibrium condition, and leads to their segregation. 10) This phenomenon is called the radiation enhanced segregation. It has, however, been studied so far especially in terms of hardening and embrittlement of nuclear reactor materials and their model alloys. [11] [12] [13] Our research group has found that some of supersaturated and agehardenable Al alloys can be hardened by ion beam irradiation even at room temperature. This is not due to the formation of so-called G.P. zone in a conventionally isothermal-aged Al alloys, 14) but due to the formation of nanometer-sized clusters containing additive elements such as Cu and Mg by the heavy ion irradiation. [15] [16] [17] Recently, we found that Cu-Ti alloys irradiated with energetic ion beam were also hardened at room temperature. 18) If this phenomenon was attributed to the irradiation enhanced segregation, Ti-rich precipitates should have been formed in the specimen. By the measurement of atom probe tomography (APT), however, we hardly observed any Ti-rich precipitate in the Cu-Ti specimens irradiated with energetic ions. Then, we have tentatively concluded that it is because Ti atoms cannot diffuse rapidly enough for their precipitation at room temperature. Therefore this result suggests that not precipitates but lattice defects such as interstitials atoms, vacancies and their aggregates contribute to the increase in hardness. It is worth noting here that the ion beam irradiation can modify the hardness only near the specimen surface, since the irradiation effect of energetic ions is localized only near the surface.
In the present study, we irradiated age-hardenable Cu-Ti alloys with 2 MeV electron beam at elevated temperatures but below conventional aging temperatures. The range of the electron beam is much larger than the specimen thickness. We calculated the range of electron beam for Cu. It is about 1.6 mm.
19) Therefore, we can expect that the effect of electron beam irradiation spreads not only near the surface but also in a deeper region of the specimen. Through the present study, we will show that the energetic electron beam is useful for the improvement of the hardness for designated areas in "bulk" Cu-Ti alloy specimens.
Experimental procedure
We prepared Cu-4.2 at. % Ti alloys as specimens for the present experiment. The alloys were hot-rolled down to a thickness of 250 µm at approximately 950°C. According to the Cu-Ti phase diagram, 20) the solubility limit of Ti atoms in an fcc-Cu phase is larger than 4.2 at. % at 950°C. To obtain supersaturated specimens, therefore, the sheets were heattreated at 950°C for 15 min in evacuated quartz capsules, and then quenched immediately into iced water. From the sheet, strips with dimensions of 10 © 10 mm 2 were cut by a shearing machine. Both surfaces of the specimens were mechanically-polished by emery paper and buffing compound just before electron irradiations. The final thickness of the specimens was approximately 150 µm. We irradiated the specimens with 2 MeV electron beam using a single-ended accelerator at Takasaki 
/cm
2 corresponded to 10 h. As the range of 2 MeV electrons in the Cu-Ti alloy is much larger than the specimen thickness (about 150 µm), 19) we can expect that irradiating electrons completely penetrate the specimen and their effects are distributed all over the specimen. Figure 1 shows a schematic drawing of the specimen situation during the electron beam irradiation. During the irradiation, we covered specimens with a 2-mmthick Cu mask to make unirradiated and irradiated areas in the same specimen. In the Sect. 3, we will mention that the thick Cu mask definitely prevents the masked area from being irradiated with electrons. As is shown in Fig. 1 , the irradiated area of 3.6 © 3.9 mm 2 was located at the center of the specimen, and it was surrounded by the masked area (i.e., the unirradiated area). The unirradiated area was influenced only by the isothermal aging at 200 or 250°C even during the electron beam irradiation. To confirm whether the masked area was affected or not by the irradiation, some supersaturated specimens were only isothermally aged at 200°C in a vacuum.
After the irradiation, Vickers hardness of the specimens was measured with an applied load of 200 gf and a holding time of 10 s at room temperature. The hardness was measured not only at the directly irradiated surface but also at the reverse side to check the penetration of the irradiating electron beam through the specimen.
The microstructures of the specimen which was irradiated with 2 MeV electron beam to the fluence of 8.5 © 10 17 /cm 2 at 250°C was observed using the field-emission scanning microscope (FE-SEM). For the FE-SEM microstructure observation, we used the method for the extraction of precipitates from Cu-Ti alloys.
21) The specimens were mechanically-polished by emery paper and buffing compound, and they were chemically etched by a 7.0 M nitric acid solution at 0°C for 10 s. By the subsequent FE-SEM observation, we can extract some precipitates such as Cu 4 Ti which are insoluble in the acid solution.
APT was also used for the observation of the microstructures of the irradiated and the isothermally-aged specimens at Central Research Institute of Electric Power Industry. The general explanation about the atom probe tomography method is described in Ref. 22 . We prepared the specimens for the APT measurement as follows; we cut the specimens into bars and then electro-polished to obtain tips with a sharp edge. The atom probe measurement was performed at the specimen temperature of ¹223°C with an ultraviolet (UV) laser pulse assistance, the power of which was about 40 pJ. Figure 2(b) shows that in the masked area which was not irradiated but only thermally aged for 5.3 h, we observe a slight hardness increase to 140 or less. On the other hand, in the irradiated area, we observe the hardness increase to 151. Figure 2(c) shows that in the masked area, which was only thermally aged at 200°C for 10 h, the hardness was increased to 141 or less. On the other hand, in the irradiated area, we clearly observe the hardness increase to 154. We can therefore conclude that the electron beam irradiation is effective to improve the hardness of the designated areas of supersaturated Cu-4.2 at. % Ti alloys. The hardness for the reverse side of irradiated surface was also plotted in Fig. 2(c) . The change of the hardness for the reverse side of irradiated surface well agrees with that for the directly irradiated surface. Figure 3 shows the Vickers hardness of the directly irradiated surface and the reverse side of irradiated surface for the specimens irradiated at 200 and 250°C as a function of electron fluence. The hardness for the irradiated area increases with increasing electron fluence, and tends to be saturated at higher fluences. As can be seen in Fig. 3 as well as in Fig. 2(c) , both of hardening behaviors for the irradiated surface and the reverse side of the surface irradiated with the 
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2 at 200°C are almost the same. This result indicates that the thickness of 150 µm was thin enough for 2 MeV electron beam to penetrate throughout the specimen, and to modify the mechanical properties homogeneously all over the irradiated area. Moreover, the hardening induced by electron beam irradiation has an interesting feature; we can designate a hardened area in a specimen by the masking method. The hardness even for the unirradiated area slightly increases. The hardness of the specimen aged at 200°C for 10 h was also plotted in Fig. 3 . The hardness of the unirradiated area with an electron fluence of 8.0 © 10 17 /cm 2 (irradiated time for 10 h) agrees with that of the specimen only aged at the same temperature for 10 h. This result confirms again that the masked area was not affected by electron beam irradiation. Figure 4 (a) shows the FE-SEM image of the unirradiated area for the specimen which was irradiated at 250°C for 10 h. We can not see any fine structures in the image. Figure 4(b) shows the FE-SEM image for the area irradiated at the fluence of 8.5 © 10 17 /cm 2 at 250°C for 10 h. A lot of white spots with the diameter of several nanometer can be observed. This FE-SEM image for the electron-irradiated area suggests that some precipitates which are insoluble in the acid, such as Cu 4 Ti are produced by the electron beam irradiation. Such small precipitates can be explained as a result of the diffusion of Ti atoms, which is enhanced by the thermal diffusion of irradiation-produced defects through the interaction between the defects and Ti atoms. As small precipitates act as efficient obstacles against dislocation motions, they possibly play an important role in the hardness increase.
As can be seen in Fig. 3 , the hardness increase for the irradiation at 250°C is larger than that for the irradiation at 200°C. With increasing the irradiation temperature, the diffusion of the irradiation-produced defects becomes more activated, and the diffusion of Ti atoms and their clustering are also more enhanced. Therefore, the irradiation temperature dependence of the irradiation-induced hardness change also implies that the increase in hardness is attributed to Ti-rich precipitates produced by electron beam irradiation. In the case of ion irradiation at room temperature, 18) as the diffusion of irradiation-produced defects is not enough to enhance the diffusion of Ti atoms, we do not observe any Ti-rich precipitates even after the irradiation. Therefore, we understand that the origin of the hardness increase for the Cu-Ti alloy irradiated at room temperature is lattice defects and their aggregates.
Here, we compare the precipitates in the electron-irradiated specimen with those in the thermally-aged specimen. Figure 5 (a) indicates the APT image for the Cu-Ti specimen which was thermally-aged at 450°C for 12 h. In the figure, the iso-concentration surfaces of 10 at. % Ti are shown. Ti-rich precipitates for the Cu-Ti specimen thermally-aged at 450°C for 12 h have also been observed in the FE-SEM image [ Fig. 5(b) ].
21) The Ti-rich precipitates induced by the thermal aging are much larger than those by the electron beam irradiation. This trend is the same as for Al-Cu alloys (duralumin) 15) and Al-Mg-Si alloys. 17) In the present experiment, the FE-SEM microstructure observation suggests that the hardening by energetic electron beam at elevated temperatures was mainly caused by small Ti-rich precipitates. But, we have never obtained any clear image for precipitates as APT result in the electron-irradiated specimens yet. Therefore, the contribution of some irradiation-produced defects to the hardness increase has still to be considered. Precise APT measurements of Cu-Ti alloy irradiated with electron beam at elevated temperatures are now in progress.
We could definitely show in the present experiment that the energetic electron beam irradiation at elevated temperatures increases the hardness of the Cu-Ti bulk alloy. The maximum value of the hardness induced by the electron beam irradiation is, however, only 156 within the present experimental condition, which is much lower than that of the specimens conventionally-aged at 450°C. 9) The hardness by an electron beam irradiation should be required to improve furthermore by optimize some irradiation conditions. One of the possible methods for the hardness increase larger than in the present study is to combine the irradiation and the subsequent annealing at elevated temperatures. Previously, we reported that in Al-Cu alloys (Duralumin), 16) the combination of the energetic ion irradiation and the subsequent thermal annealing lead to the hardness increase which was much larger than only by the ion irradiation. This phenomenon can be explained as follows; the irradiation produces small nucleation sites, and during the subsequent thermal annealing, the growth of precipitates occurs around these nucleation sites. As a result, an optimum condition about the number density and the average size of precipitates is obtained. The result of such a combination process for the Cu-Ti alloys will be published elsewhere in a near future.
Summary
We irradiated Cu-4.2 at. % Ti alloy with 2 MeV electron beam at 200 and 250°C, and measured the Vickers hardness. The hardness increased with increasing electron fluence and the irradiation temperature. We confirmed that both sides of the specimen are similarly hardened by electron beam irradiation. The present result clarified that the energetic electron beam irradiation can be used for the modification of the mechanical strength for designated areas of "bulk" Cu-Ti alloys. It is likely that Ti-rich precipitates, which were produced by electron beam at elevated temperatures, contribute to the hardness increase. 
